Background: Colonoscopy requires training and experience to ensure accuracy and safety. Currently, no objective, validated process exists to determine when an endoscopist has attained technical competence. Kinematics data describing movements of laparoscopic instruments have been used in surgical skill assessment to define expert surgical technique. We have developed a novel system to record kinematics data during colonoscopy and quantitatively assess colonoscopist performance.
Colonoscopy is widely used to diagnose and treat a variety of colon diseases from colon cancer to inflammatory bowel disease. It is currently recommended that everyone in the United States undergo at least 1 colonoscopy at age 50, with many patients requiring earlier intervention and repeat procedures.
Colonoscopy is an invasive procedure for which there is currently no reliable or validated process to determine when an endoscopist has attained technical competence. 1 Medical societies have guidelines that define the quantity of colonoscopies that a trainee must perform in order to be considered technically competent; however, the actual range is wide, because some endoscopists may be proficient at 100 procedures, whereas others may require several hundred. 2, 3 Additionally, there is no continual assessment or recertification of endoscopists to make certain that their endoscopic skills are maintained at an acceptable standard. This is simply because there is no standard measure available.
A growing body of evidence supports the fact that simulator training is useful in enhancing surgical skill. [4] [5] [6] Several simulators that rely on various methods for skill assessment have been developed. 7, 8 Aggarwal et al 9 have demonstrated that significant differences exist between novice and experienced surgeons for procedure time, total path length, and number of movements. Others have shown that novices have the tendency to manipulate a surgical instrument with greater velocity and jerk when compared with the smooth motion of experts. 10, 11 This analysis of motion, or kinematics, has been used to define a model of surgical expertise and to establish an objective metric for evaluation of performance in laparoscopic surgery. [11] [12] [13] Colonoscopy has long been neglected in the expanding field of kinematic analysis because the methods and metrics derived for laparoscopy could not be directly applied to flexible instrument manipulation. This is largely because of the limitations of prior technologies and software systems. Recently, our group has developed a novel system for acquisition of kinematics data that was initially applied to the assessment of EUS performance and has now been adapted to colonoscopy. 14 The system allows for precise description of colonoscope movement as it traverses the colon. Because this is the first system that allows the collection of kinematics data in colonoscopy, it is currently unknown what parameters will be important in defining a metric and whether kinematic variables can allow for the differentiation between novices and experts.
We aimed to use the novel kinematic system to define the significant variables for performing a mechanically successful colonoscopy and to use kinematic measurement to differentiate between novices and experts in this initial feasibility pilot study.
METHODS
Thirteen physicians, including 4 attending physicians (with Ͼ2000 total career colonoscopies) and 9 fellows (3 first-year, 3 second-year, and 3 third-year, each with Ͻ500 total career colonoscopies), were randomly selected from the Division of Gastroenterology at our university hospital to perform a single colonoscopy on a standardized, nonhuman, colon model (CM-1; Olympus Inc, Tokyo, Japan), with a variable-stiffness pediatric colonoscope (PCF-Q180AL; Olympus). The CM-1 is fabricated from thin latex that has basic internal and external likeness to the human colon (length, shape, configuration) and is secured to a wood base ( Fig. 1 ). Additionally, CM-1 has elastic properties and mesenteric attachments that allow for "looping" and "loop" reduction. Kinematics data collection started at anus insertion and ended when the terminal ileum was visualized on direct forward view. After the colonoscopy, each endoscopist completed the National Aeronautics and Space Administration (NASA) Task Load Index questionnaire (a reliable and validated instrument that assesses 6 parameters: mental demand, physical demand, temporal demand, performance, effort, and frustration in relation to a task; NASA Task Load Index v1.0, NASA Ames Research Center, Moffett Field, CA, USA) and assigned the colonoscopy a level of difficulty score based on a visual analog scale.
The system to collect kinematics data consisted of a flat-plate electromagnetic transmitter that was placed under the colon model and 4 small (1.8 mm), 6 degree-offreedom, electromagnetic sensors (Ascension Technologies, Milton, Vt) that were attached to the colonoscope along the same x-axis plane at 0 cm (sensor [S] 1), 10 cm (S2), 30 cm (S3), and 55 cm (S4) from the endoscope tip ( Fig. 2) . A Dell Precision T3400 MiniTower Q6600 with 4 GB RAM, a 2.40-GHz processor, and an nVidia Quadro FX1700 graphics card (Dell Inc, Round Rock, Tex) running MATLAB R2009a Simulink v4.1 (The MathWorks Inc, Natick, Mass) were used to manage and store the kinematics data. Total system cost was less than $20,000 U.S. dollars. Computed parameters included time, path length, flex, velocity, acceleration, jerk, tip angulation, angular velocity, rotation, and curvature (Appendix, available online at www.giejournal.org).
Take-home Message
• Kinematics data and score calculation appear to be useful in the evaluation of colonoscopy technical skill level. Because kinematic assessment is quantitative and nonsubjective, it may be an improvement over current methods of technical skill assessment for determination of competence.
With performance of the attending physician group used as the criterion standard reference, a distance score was calculated for each fellow by computing the difference (D ij ) between a specific fellow variable (V ij ) and the attending physicians' mean value for that variable ( j ): (D ij ϭ V ijj ). This difference (D ij ) was then used to compute an individual score (Z ij ) by the following formula:
, where D j is the mean difference for all fellows for variable j, and D j is the standard deviation of the mean difference for all fellows for variable j. The distance score for fellow i was then calculated as the square of the summation of all variables [distance score i ϭ ⌺(Z ij ) 2 ]. A score of zero indicates perfect performance, whereas scores greater than zero indicate lower performance.
All participants were blinded to their individual kinematics data and distance scores. In addition, participants were unaware of other endoscopists' data or comparisons being made between and within groups. The colonoscopies were performed in clinical isolation with a system engineer present for system set-up and maintenance. All data were deidentified and securely stored on an encrypted workstation.
Medians and quartiles were calculated for the attending physician and fellow groups. The Wilcoxon test was used for univariate comparison of continuous variables. Linear regression models were used for tests of trend. SAS v 9.2 (SAS Institute Inc, Cary, NC) was used for all statistical analysis, and significance was set at P Ͻ .05. Approval was obtained from the hospital institutional review board before initiation of data collection.
RESULTS
Four attending physicians and 9 fellows were enrolled in the research study. Baseline characteristics are identified in Table 1 . All participants completed the colonoscopy on the standard colon model. No participant had used the colon model or the kinematics data collection system prior to this research study. There were no incomplete data sets or missing data. Individual attending physician kinematic parameters are presented in Table 2 . Compared to fellows, attending physicians had reduced time to terminal ileum visualization (150.19 seconds vs 299.86 seconds, P Ͻ .01), lower path lengths for all 4 sensors, reduced flex (1.75 m vs 3.14 m, P ϭ .03), smaller tip angulation, reduced absolute roll, and lower curvature of the endoscope ( Table 3 ). The mean distance score increased by 19.89 for each decrease in postgraduate year (P Ͻ .01) ( Table 4 ). Additionally, for each unit increase in time, the distance score increased by 0.07 (P ϭ .01). There was variance between the individual attending physician kinematic parameters. Overall, fellows experienced greater mental, physical, and temporal demand at completing the colonoscopy than did the attending physicians. The fellows also rated the task as causing increased levels of frustration, requiring more effort, and being of higher technical difficulty when compared with the ratings of attending physicians (Table 5 ). Individual attending physician task load index and technical difficulty visual analog scale scores are presented in Table 6 .
DISCUSSION
In the current study, kinematics data were successfully recorded from the position sensors on the flexible endoscope for each endoscopist. A single colonoscopy was chosen in order to minimize any learning curve or practice bias that would occur if multiple colonoscopies were performed by each endoscopist on the model. There was a significant difference between attending physicians and fellows for key kinematic parameters that correspond to common clinical scenarios. Clinically, attending physicians typically have reduced insertion time for reaching the terminal ileum when compared with fellows. That same finding was upheld in our study population. In addition, fellows had more curvature and flex when compared with the attending physician group. Curvature and flex may, in theory, be indicators of looping and therefore may translate into measures of patient comfort. When kinematics data were used to define a model of expertise based on technical skill level, attending physicians were chosen as the expert group, and their score was standardized to zero. This score served as the comparison mark for assessment of fellow technical skill level. A linear relationship existed for the overall kinematic score whereby as fellows' experience increased, their scores decreased (ie, came closer to zero). This indicates that as the experience level of endoscopists improves (first-year, second-year, third-year), their overall kinematic scores approach that of the defined expert group (attending physicians). The variance among attending physicians for kinematic parameters indicates that kinematics data collection is likely a sensitive measure of skill and not simply a measure of year of training. Hence, kinematics may provide a quantitative method for the assessment of endoscopist technical skill level, independent of the quantity of colonoscopies an endoscopist has performed. Additionally, fellows found the colonoscopy to be more difficult and frustrating, requiring greater effort and mental demand when compared with attending physicians. This corresponds with the differences in overall kinematic scores and with what is commonly seen in clinical practice. As endoscopist technical skill level improves, the level of task demand, frustration, and perception of task technical difficulty decreases.
The kinematics data collection system did not encumber the endoscopists and was simple to assemble immediately before the procedure. The CM-1 model provided a physical simulation for the endoscopists and was used to keep colon conditions constant among all users to avoid human factor variables such as anatomy, bowel preparation, manual external pressure, patient age/colon health, and sedation. Therefore, each endoscopist was able to perform a colonoscopy on the exact same colon under the exact same operating conditions, thereby reducing potential confounding variables or bias. This may have resulted in reduced times to the terminal ileum because of optimal colon conditions when compared with those of human patients who have real-life variables to account for and at times suboptimal endoscopy factors.
Potential limitations of this study include selection of the expert group, because there may be other colonoscopists who have improved technical skill and therefore may change the expert reference model. If the reference model were to change, we anticipate that the same relationship will hold for overall kinematic scores among trainees. Additionally, because this study was conducted on a colon model, direct clinical correlation could not be proven. With the research study examining kinematic variables that mark endoscope mechanical manipulation ability, it may not be necessary for the model itself to reflect a true human colon. Because detectable kinematic differences and scores can be calculated in an objective manner between groups, it likely does not matter what model one chooses-the colon model is, for all intents and purposes, simply a basic "maze." The study reflects that there are differing technical skills with endoscope mechanical manipulation that can be measured and that with improved mechanical ability, one has lower scores/greater technical skill to navigate the maze. Validation studies are underway in human patients to determine whether our kinematic parameter assessment of endoscopist technical skill level is upheld in clinical practice. In summary, kinematic data collection and analysis appear to be useful in the objective evaluation of colonoscopy technical skill levels. Because this assessment is quantitative and nonsubjective, it may be an improvement over the current methods of skill assessment for determination of competence. Kinematic parameter assessment has the potential to serve as a useful tool in training programs and may be useful for endoscopist recertification-something that is currently lacking in endoscopy. Ongoing studies are focused on establishing benchmarks and characteristic profiles of skill groups based on kinematics data. These profiles may then be used as reference points for the determination of competence based on comparative kinematic gestures between endoscopists.
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APPENDIX
Definition of measured kinematic parameters Time ϭ Time measured from S (sensor) 1 in seconds (s) Path length (PL) ϭ Total distance that each individual sensor travels in the x, y, z coordinate system measured in meters (m) Flex (F) ϭ Calculated as the difference in path length between S4 and S2 measured in meters; PL S4 -PL S2 Velocity (v) ϭ The change in distance divided by the change in time for each individual sensor as it travels in the x, y, z coordinate system measured in millimeters per second (mm/s) Acceleration (a) ϭ The second derivative of the change in distance divided by the change in time for each individual sensor as it travels in the x, y, z coordinate system measured in millimeters per second squared (mm/s 2 ) Jerk (j) ϭ The third derivative of the change in distance divided by the change in time for each individual sensor as it travels in the x, y, z coordinate system measured in millimeters per second cubed (mm/s 3 )
Tip angulation (T Ang ) ϭ The difference in degrees between the y and z coordinate angle for S1 fixed on S2 Angular velocity (v Ang ) ϭ The change in tip angulation divided by the change in time for S1 fixed on S2 measured in radians per second (radian/s); 1 radian/s ϳ 57.29578 degrees/s Rotation (Rol) ϭ Total operational turn for each individual sensor around the x-axis measured in degrees Curvature (Curv) ϭ The geometric shape of the endoscope in the x, y, z coordinate system measured as the magnitude of the derivative of the tangent vector (to the endoscope shape) with respect to path length based on endoscope section (mm Ϫ1 ); where section 1 is between S1 and S2, section 2 is between S2 and S3, and section 3 is between S3 and S4
